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Gas Emission during Vacuum Extraction 
from Etched Metals 

A significantly greater precision and convenience of 
analysis of the hydrogen in metals is related to the elucidation 
of the nature of the so-called "surface hydrogen." A variety 
of surface treatments of aluminum, such as turning samples on 
a lathe [1] , etching them, or even exposure to air at room 
temperature [2], produces the emission of large amounts of 
hydrogen during vacuum heating. 

It is of interest to study the special feature of hydrogen 
emission during vacuum heating from samples whose surfaces have 
been etched with a 10% aqueous solution of NaOH at room temper- 
ature. Experiments were conducted in parallel, using two 
samples of equal volume of pure aluminum ABOOO wire of differ- 
ent surface area. The samples with the smaller (5 cm^) surface 
were prepared from wire 0.8 mm in diameter, while those of the 
larger (20 cm^) , from 0.2 mm diameter wire. 

When the wire samples were vacuum heated directly upon 
delivery, they emitted large amounts (0. 5-0.7 cm^/lOO g) of 
hydrogen with poor consistency, so all samples were given pre- 
liminary heating in a vacuum for 3 hours at 600°C. 

In order to conduct the analysis, the samples were placed 
in a vacuum system. The quartz tubes used for the extraction 
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were first heated to 700-800°C, then allowed to cool to 600°C; 
when the vacuum had reached 10“ ® - 5 x 10~^ mm Hg, the samples 
were placed by turns into a tube. The water inevitably emitted 
during the annealing of the samples was caught by a system of 
liquid nitrogen traps. The instantaneous hydrogen emission was 
recorded by an automatic pen, and the total amount of hydrogen 
was determined by integrating the area under the curve [3]. 


The results of the analysis of three pairs of samples after 
3 hours of preliminary heating in a vacuum and etching with a 
10% NaOH solution are as follows: 


Experiment number: 1 

Total hydrogen content, cm^/lOOg; 0.166 

0.181 

Gas emission coefficient, K, min“^: 0.35 

1.2 


2 

0.139 

0.155 

0.35 

1.1 


3 

0.125 

0.188 

0.33 

1.2 


(Note: values in the numerators refer to the 5 cm^ 

samples, the denominator to the 20 cm^ samples.) 


The hydrogen content after etching exceeded by some 6 times 
the solubility of hydrogen in aluminum at 1 atm pressure and 
600°C. Note that there is only a small increase in the total 
hydrogen content with a four-fold increase in the sample surface 
area at constant volume. 


There is no doubt that the source of the hydrogen is the 
oxidation reaction of aluminum with water (or OH“ groups) held 
on the oxide layer which was created by the etching of the 
metal in local sections, probably close to the grain boundaries. 
The density of the oxide layer is less in the 0 . 2 mm diameter 
samples than the 0.8 mm diameter samples, but the observed 
kinetics of hydrogen emission during vacuum heating of the 
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samples (see Figure 1) do not immediately contradict the kinetics 
of the reaction 


2y\l -I- (11 2 O) =-■ AloOs -h 3H, j . 





Figure 1: Curves of hydrogen emission, h, over time, t, in 

minutes, during 600 °C heating of etched aluminum samples of 
surface area: 1) 20 cm^; 2) 5 cm^ . The points indicate 

calculated values. 


The coefficient of hydrogen diffusion at room temperature 
in aluminum is very small [4], and the accumulation of signifi- 
cant amounts of hydrogen during etching is not possible. The 
formation of hydrogen occurs immediately during vacuum heating 
as a result of the oxidation of aluminum by water at the oxide- 
metal interface. The initial oxide layer is not very permeable, 
and large amounts of hydrogen can accumulate during the oxida- 
tion of the sample. This, in turn, creates conditions which 
change the condition of the layer, increasing its permeability 
over the entire sample surface area. 


The slowest stage of the emission of hydrogen from heated 
samples is the passage of the hydrogen through the dense oxide 
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layer. Thus, the loss in hydrogen content of the sample during 
the time dt is 




( 1 ) 


where q is the amount of hydrogen in the volume of the 
sample, in atm-cm^; 

D is the diffusion coefficient for hydrogen in oxide, 
in cm^/min; 

a is the surface area of the sample, in cm^; 


V is the volume of the metallic interior of the 
sample, in cm^; 


^ is the thickness of the oxide layer, in cm. 


If we ignore the resistance of the extraction tube and the 
ion source box of the omegatron to gas conduction, then, accord- 
ing to [3] , the change of pressure dP in the latter can be 
expressed as 




(2) 


where I 

V 

S 


is the rate of gas emission from the metal, 
atm-cm^/min; 

is the pumped volume, in cm^; 
is the pump speed, in cm^/min. 
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After integrating equation (1) , a simple transformation 
and use of the notation K = Da/VC produces 


/- 



kqoC 


-Kt 


(3) 


where qo is the initial hydrogen content of the sample. 


After taking into account the linear relation between the 
omegatron index h and the partial pressure of hydrogen, P = mh 
(where m is the coefficient of proportionality) , we solve 
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equation (2) by substituting equation (3) in it, obtaining 

D 


m (A — A) 


( 4 ) 


where 


B = 


A'«7o 


/1 = 


5 


V’ K 

The ratio of coefficients of gas emission for models of dif- 
ferent diameter in this case should be -4. 



Figure 2: Curves of hydro- 

gen emission, h, at 600°C, 
for models of surface area: 
1) , 3) 20 cm^; 2) , 4) 5 cm^ , 


The coefficients of K and 
A were selected in such a manner 
that the curves of gas emission 
corresponding to the time t do 
not deviate from the experimen- 
tal values of h by more than 
5 mm. See Figure 2. A prelim- 
inary value for A can be obtained 
by solving the transcendental 
equation relating the time, to, 
and the height, ho, of the signal 
of maximum gas emission. At 
that point 


After the completion of 
gas emission during heating, we 
observe a small elevation of the level of the null line (see 
Figure 1) . This is obviously related to the heterogeneous 
process which occurs during heating of the samples in the pres- 
ence of water vapor adsorbed on quartz walls, leading to the 
formation of molecular hydrogen. Therefore, the null line at 
large times of heating was extrapolated back to the beginning 
of gas emission and considered as the true null line. 
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The results of processing the curves of gas emission from 
etched samples are presented in Figure 2. In all cases. 
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Figure 3: Temperature 

dependence of the coef- 
ficient, K, of gas 
emission. 


satisfactorily close to 


coefficient A remains within the 
limits 0.60 to 0.65. Figures 1 
and 2 show that equation (4) fol- 
lows the kinetics of hydrogen 
emission sufficiently well. The 
values of K which have been obtained 
agree excellently with the mechanism 
considered for the diffusion of 
hydrogen across the oxide layer. 

The activation energy, which is 
calculated from the temperature 
dependence of K (see Figure 3), 
is 13,000 ±2,000 cal/g-atom, 
the value obtained earlier [4]. 
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r aaoebidejieHue npu eaKytjMHou dKcmpaKi^uu MemanAa nocne mpaeMHUH.. 
rioBbiULieHHe ToquocTH H SKcnpeccHocTH anajiHsa BOAopoAa b MexaJiJie b SHami- 
TCJibHOH cTeneHH CBH33HO c BbiBCHeHHeM npHpoAbi T3K HasbiBaeMoro «noBepx- 
HOCTHoro BOAopoAa». PasAimHbie thobi noBepxHOCXHOH o6pa6oTKH ajiioMHHB^, 
HanpHMep o6to^k 3 o6pa3uo3 na TOKapnoM cxafiKe [1 ], xpaoj/eHHe h Aa>Ke < 

3Kcno3HUHH H3 BOSAVxe HpH KOMHaxHOH xcMnepaxype [2], nppiPOABx k BbiAejie- ^ 

HHK) 6o.nbiuHx KO^iHqecxB BOAopoAa npu BanyyiviHOM ox>KHxe. i 

ripeACxaBAHJio HHxepec H3yqnxb ocoGchhocxh BbiAejieHiiB BOAopoAa npii ; 
BaKyyMHOM ox>KHre oGpasuoB, noBepxHocxb Koxopbix o6pa6axbiBaji» xpaBJie- 
HH6M B 10%-HOM BOAHOM pacxBope NaOH npH KOMHaxHOH xeMiiepaxype. Onbixw • 
npoBOAHJiH napajijiejibHo Ha AByx o6pa3uax paBKoro o6beMa hs ajiiOMHHHeBOH •. 

npoBo.xoKH ABOOO c pas^anqubiMPi n*ioiuaAHMH noBepxHOCXH. Oopaaeu c Menb- ; 

meM njiomaAbio (5 cm-) nsroxoB^iHAH H3 npoBOjioKH A^JaM- 0,8 mm, a c CovibuieH 
(20 CM^) — H3 npOBOJIOKH AH3M. 0,2 MM. FIpiI BaKyyMHOH SKCXpaKUHH OOpa3- 
UOB B cocxoHHHii HocxaBKH Ha6.iioAaJiocb BbTAe.acHHe oqeHb DO.Tbmiix Ko.aH- 
qecxB BOAopoAa c n/ioxofi BocripoHSBOAHMocxbio pesy-TbxaxoB (0,5 — • 

0,7 100 a), no3XOMy npeABapifxe^ibHo oOpasubi oxx-iiiraAH b BanyyMe jipii 

600^ C B xeqeHHe 3 «/. JIjj^ iipoBeAeHHH ana^niiaa oGpaaubi bboah/ih b BaKyyM- 
HyK) CHCxeMy. KfiapueByio xpyOxy, npeAnasHaqeHHyio a^ih npoBCAemiH SKcxpaK- 
UHH, npeABapiixejibHO nporpesajiH npn 700 — 800° C; saxeM xeMiiepaxypy no« 
HH>i<aJiH AO 600° C H no Aocxn>KeHHH BaxyyMa 10“® — mm pm. cm. 
o6pa3ubi nooqepeAHO bboaHv^h b xpyOKy. BoAy, Koxopan HenaOexvHo Bb^Aev^Hex- ' ^ 

CH npn npoKajiiBaHHii oOpaaua, yjiaBJiJiBa.nif cncxeMOH jiOBymeK c >khakhm - 
asoxoM. KHHexHKy BbiAe.ieHHn BOAopoAa perncxpupoBajin najienxe caMomicua; J?c) 
o6iuee Ko.'iiiqecxBo BOAopoAa onpeAejiHAii no nAomaAH noA KpHBOH 13!. Pe- 1 
ayAbxaxbi aHajinaa xpex oOpaauoB noc.ne xpaBJiemiH b 10%-hom pacxBope 
NaOH H npeABapHxejXbHoro 3-^ ox>KHra b BSKyyMC cjieAyiouine: 

HoMep onbiTa 

06mee coAep>KaKHe BOAopojia, cM^/lOOe 

Ko344>HUHeHT raaoBbiAeaeHHH K» muh^^ 

npHMeqanHe . B Mnc . n » nejie — AJin o 6 pa 3 HOB c nJioiuaAbio riODcpxiiocTJi 5 cm ^, 

B SHaMeHaTejie —20 cm *. 


1 

2 

3 

0,166 

0,139 

0,125 

0,181 

0,155 

0,188 

0,35 

0,35 

0,33 

1.2 

M 

1.2 


CoAep>KaHHe BOAopoAa nocjie xpaBJieimn npiiMepno n 6 paa npetccxoAiix 
siiaqeHHe pacxBopnMocxH A-nn xeivinepaxypbi 600° C h AaBjieHiin EOAopoAa 1 c;/hu. 
OxMeqcHo Jinujb cjia6oe noBbiinenne o6mero coAep>KaHHH ECAcpo^a npn qeii/- 
pexKpaxHOM yBeJinnenni! njiomajw ncEepxHccxn o6pa3uoB nocxoHHHoro o6beMa. 


1 


:* 


He BbisbiBaer coMHennH, qjo hctomhiikom Bo;iopo;^a mjifiemi peaKunB 
oKHCJieHHH ajiioMHHH5i Bo^oH (hjih rpyniiaMH OH“), yAep>i<aHHOH b njienKe 
OKHCJia, B03HHKaiom,en Ha MeTa.njie nocjie Tpan.aeHHH na JiOKajibHbix yqacTKax, 
BepoHTHo, b6jih3h ppaiiHu 3epen. n.ioTiiocTb nocjieAHHx jiJiyi o6pa3uoB 
AiiaM. 0,2 MM 6yAer MCHbLue, mcm jxj\5i o6pa3UOB ;iHaM. 0,8 mm. OAnaKO KiineTiiKa 
BbiAevHeHHH BOAopo;;a, HaOjiioAaioiuaHCH npn BaKyyMHOM OT>Knre oOpaauoB 
(pile. 1), He OTpa>KaeT HenocpeACTBenno KHnexiiKy peaKUHH 


Ko3(Jx|)HUHeHT BOAOpOAa B aJIIOMHHHH npil KOMHaiHOH TBMne- 

paiype BecbMa Maji [41, h iiaKonAenne aaMeinbix KOAHqecTB BOAopo^a b npo- 
uecce TpaBJieHHH HeB03M0>KH0. OopaaoBamie BOAopoAa ripoHcxoAHT iienocpeA- 


ctbchko npii BaKyyMHOM OT/Kiire d peay^ibTare oKHCJieHHH a.nioMUHiiH boaoh 
H a rpaHiiue pa3Ae«ia MeiajiA — oKiice^i. Hcxoah3h oKiiCHaa n.nenKa n;ioxo 
npoHimaeMa, h npH okhcachhh b oOpasue Moryx HaKanAiiBaxbCH 6o*ibinHe 
KOJiimecxBa BOAopoAa. 3xo b cboio onepeAb co3Aaex ycjioBHH jijin H3MeHeHHH 
cocxoHHHH n.ieHKH, HpuBOAHUiHe K yBejiHqeKHK) npoHHuaeMoexH no Been no- 
BepxHocxH oopaaua. 

ripH BbiAe;ieHHH BOAopoAa ii3 oopaaua npii oxxaire HanSoAee MeA-iemioH 
cxaAHeH npouecca mo>k6x oKaaaxbcn npomiKHOBCHHe BOAopoAa qepes njioxHbin 
oKHCHf.iii c.noH. ToxAa yobLib coAep>KaHHH BOAopoAa b o6pa3ue aa BpeM^ dt 
coexaBHx 


xAe q — Ko.iHqecxBo BOAopoAa b oObCMe oOpaaua, CM^-amM; 

D — K03c}x})HUHeHx A»(Wy3HH BOAopoAa qepea njienKy, cm^muh] 

0 — BeviHHHHa njiomaAH noBepxiiocxii oOpaaua, cm-\ 

V — o6beM MexajiJinqecKOH cepAueBHHbi o6pa3ua, cm^\ 

1 — XOJIUUlHa OKHCHOH n.ieHKH, CM. 

Ecah npeiieCpenb coiipoxuBAeniieM raaonpoBOAa Me>KAy SKCxpaKLUioHHOH 
XpyOKOH H KOpoOOHKOH HOHHOXO HCXOHHHKa OMeraxpOIia, XO, COXAaCHO [31, 
H3MeHeHHe AaBJieHiin dP b nocAeAnen mo>kho npeACxaBiixb nan 


2A1 + (H2O) = AI2O3 + 3H2 1 





Phc. 1. KpHBbie Bbi;ie.neHHH Boaopo^a nocjie TpaBJienHH npn 600® C H3 a;iio- 
MHHHeBfaix c6pa3UOB c n/!ou»aAt.io noBepxHocTH, cm *: 

/ — 20; 2— 5. Xo*IKH — BhlMHCJieHHbie 3HaHCHHH 


dq=-D-^dt, 


( 1 ) 



( 2 ) 


2 * 


19 * 


s^ecb / — CKopocTb raaoBbiAejieHHH h 3 Merajuia, cm^ • aniMl muh\ 

V — OTKa^HBaeMbiH o6beM, cal^] 

S — oTKa^HBaiomee ;^encTBne nacocoB, cm^Imuh, 
riocjie HHTerpHpoBaiiHH Bbipa>KeHHH (1), npocTbix .npeoGpasoBaiiHH ii Bse- 

AeHHH o6o3HaMeiiHB /( = -~ noJiyqHM 

Ur. 


/ = 


dt 


= kq^e 


(3) 


r;ie Qq — naqajibHoe coAep>KaHiie BOAopoAa b o6pa3ue. 

PemcHHe ypaBneHUH (2) nocjie noACTanoBKii b Hero Bbipa/KeHHH (3) c yne- 

TOM ^THHCHHOCTH CBH3H MOKAy HOKasaHHHMH OMeraTpOHHOrO AaTHHKa h H ASB- 

jieHHe.M BOAOpoAa b ciicieMe P=nih (m — K03cJx{)HUHeHT nponopunoHajibHocTH) 
6yA^T HM6Tb bha: 

h = - (g-^^-e-^0; (4) 


3Aecb 


m(A--K) 


D _ ^Qo 
V 




V 


OTHOlueHHe K0344>HUHeHT0B pasoBbiAeAeHHH jiJiH oSpasuoB pasHbix Af^a- 


MerpoB A«nn AaHHoro cjiynan aoji>kho 



Phc. 2. KpHBsie BuaejieHHH boao- 
poAa npH 600 "" C ajih o6pa3i;oB c 
n-ic2:3A!>io noaepxHocTH, cm*: 
4\3—2Q: 2,4—5 


COCTaBHTb ^4. 

Koa^HUHeHTbi K n A b 
ypaBH6HHH (4) onpeAejiHJiH noA* 
6opOM T3KHM 06pa30M, HT06bI OT- 
KjioiieHHe 3KcnepHMeHTaAbHbix sna- 
HeHHK ft, COOTBeTCTByK)Ul.HX OHpe- 
AeJieHHblM MOMeHTaM BpeMCHH t Ha 
KpHBbix ra30BbiAe,neHHH (pHC. 2), 



Pkc. 3. Tewr.epaTypHaH saoMCM- 

MOCTb K0343Cj)HUHeHTa rasoBbiACJic- 
HHH K, MUh"^ 


He npeBbJuiaJio 5 mm. ripe;iBapHTe.abHy}o oueiiKy A npoBOAii-'/n peuienHCM 
TpaHCueH^eHTHoro ypaBnenHH, cBnawBaiomero MaKCHMa.nbubnli ciirnaji iia Kpn- 
BOH rasoBbij^ejienHH Hq co BpeMeneM Aocxn>KeHHH MaKCiiNiyMa io, t . e. 

ripH oTjKHre nocjie saBepuienHH rasoBbiA&nenHH na 6 .nioAaJiocb neSojibuioe 
noBbiuieHne ypoBHH ny^eBOH jihhhh (pHC. 1), ^To, ohcbmaho, cBsaano c rexe- 
poreHHbiM npoueccoM, Koxopuft npoxeKaex npH ox>KHie na noBepxHocxii o 6 - 
pa3u,a c ynacxHeM boabi, aACopSHpoBaHnoH iia cxeHKax cxen/ia, h npuBOAUx 
K o 6 pa 30 BaHHK) MO/ieKyjiHpHoro BOAopoAa. HoaxoMy iiy.'ieByio .amiHK), coox- 
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BeTCTByK)ui.yio 6o^ibiuHM BpeMenaM OT>KHra, sKcipanojinpoBajiH k Ha^ajiy raso- 
BbiAeJieHHH H paccMarpHBajiH k3k iiCTHHuyio. 

PeayjibTaTbi o6pa6oTKH KpiiBbix raaoBbiAejieHna TpaBJienbix o6pa3uoB 
c pasJiimHbiMH nJioiua;iHMH noBepxiiocTU npUBeAenbi na pHc. 2. Ko3(f)(})HuiieHT A 
BO Bcex cjiynanx Haxo;iHJiCH b npe;^ejiax 0,60 — 0,65. Ms pnc. 1, 2 cjiCAyex, 
^TO cooTHomeHiie (4) AOCTaTonno xopomo nepeAser KwneTiiKy BbiAejienHH 
BOAOpOAa. rioJiyqeHHbie snaqeHHH K AocraTo^Ho xopomo corjiacyioTC5i c pac- 
CMOTpeKHblM MexaHH3xM0M AHCjx|)y3HH BO^OpO^a ^ep63 CJIOH OKHCJia. SHeprHH 

aKTHBauPiH npouecca, BbwiicjieHHaH no TeMnepaxypnoH aaBiicHMocTH K (pnc. 3), 
cociaBHAa 13 000zh2000 Kanla-amoM, mto AOCTaroHHo 6 jih 3 Ko k SHatienmo, 
noJiy^^eHHOMy paiiee [4]. 
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